The modelling of soil loss and investigation of urban hydrology and wet weather pollution in Malaysia requires the definition of rainfall parameters for the region. In this study, an inexpensive method was applied to establish the influence of raindrop diameter on kinetics and rain intensity in Skudai, Peninsular Malaysia, as a prelude to wider regional research. Raindrop sizes vary from less than 1.2 mm to as big as 7.0 mm, with median raindrop diameters of 2.51 mm and a mean diameter of 2.56 mm. The median raindrop diameter-intensity relationship correlates strongly using power and exponential equations, with coefficients of determination of 0.75 and 0.73, respectively. The kinetic energy-intensity relationship fits an exponential function and also a linear equation with R 2 values of 0.49 and 0.34, respectively. An average rain kinetic energy of 30 J m -2 mm -1 was recorded. This research leads to an objective reclassification of rainfall intensities in the region.
Introduction
The study of raindrop size and distribution is of enormous significance in understanding processes such as mechanisms of soil erosion, urban wet weather pollution and attenuation of radio frequency for weather radar work. Recently, it has also been important in the study of urban hydrological processes (Tiefenthaler and Schiff 2003, Brodie and Rosewell 2007) . The three most important parameters that need to be identified when dealing with natural rainfall and its interrelationships are raindrop diameter (D), kinetic energy (KE) and rain intensity (I).
Raindrop diameter (D, mm) and its distribution is the central parameter describing a rain event and key to understanding the microphysical mechanisms responsible for precipitation formation. Rain intensity (I) is a reflection of different classes of raindrop size expressed in terms of their diameter per unit volume of space (Brodie and Rosewell 2007) . The median raindrop diameter, D 50 , is the defining factor in many applications today, and has been studied in many countries; e.g. France (Sempere Torres et al. 1992) , Portugal (Coutinho and Tomás 1995) , Nigeria (Lal 1998) and Slovenia (Petan et al. 2010) . Sempere Torres et al. (1992) inferred that the relationship between D 50 and the corresponding rain intensity, and also the complete drop size distribution (DSD) of the rainfall, are the two most statistically viable relations for characterizing a rain event. Kumar et al. (2010) indicated that the role of D in the overall rainfall rate is not only limited by the number of raindrops but depends also on their variation and composition within a storm, which is known to differ between regions (Timothy et al. 2002) . The kinetic energy, KE, signifies the energy content of raindrops for detaching particles from a surface. It has been recommended as a measure of rain erosivity (Van Dijk et al. 2002 , Fornis et al. 2005 . The KE is half the product of raindrop mass and the square of its velocity, and can be expressed as either time dependent (KE time , in J m -2 h -1 ) or volume dependent (KE mm , J m -2 mm -1 ). The KE mm is the most widely used to express KE-I relationships (SanchezMoreno et al. 2012) . Direct measurement of KE is not common (Salles et al. 2002 , Fornis et al. 2005 and it is usually estimated from rainfall intensity. There is no consensus on the formulation of the KE mm -I relationship in the literature (Fox 1999 , Salles et al. 2002 . However, the empirical formulae most commonly used to express KE mm -I relationships are logarithmic (equation (1), Brodie and Rosewell 2007) , linear (equation (2), Rosewell 1986) and exponential (equation (3), Kinnell 1981 , Petan et al. 2010 :
where x, y and z are constants that can be obtained from regression analysis. Techniques used to measure D and its distribution can broadly be classified into two: use of automatic equipment, mostly sensors, and manual methods. The self-regulating devices are very useful when continuous recordings of rain characteristics are desired. Comparisons between different methods have been documented elsewhere (Kincaid et al. 1996) . Whatever method is used, the natural raindrop size varies from a minimum of 0.3 mm to a maximum value of 7 to 10 mm (Coutinho and Tomás 1995 , Lorenz 1995 , Niu et al. 2010 ; larger drops tend to falter into smaller sizes (Campos 1999) . The median raindrop diameter ranges between 2 and 3 mm (Hudson 1993) . Raindrops have complicated shapes, most of which are fairly round; drops form almost a perfect sphere at smaller diameters but are flattened at the bottom, due to aerodynamic pressure, to form an oblate spheroid shape at larger diameters (Van Boxel 1997) . Laws and Parsons (1943) expressed the relationship between D 50 (mm) and I (mm h -1 ) as::
where y is a constant (h) and z is a dimensionless power function constant.
Other researchers (Hudson 1993 , Kincaid et al. 1996 indicated that an exponential model represents a better fit for D 50 at higher rain intensities. There are limited direct measurements of natural raindrop diameter and its distribution in the tropics and, to the best of our knowledge, none in Malaysia. This lack of information could limit the use of empirical formulations in the tropics. Therefore, the objectives of this study are to: (a) measure natural D and its distribution in the equatorial tropics; (b) establish D 50 -I and KE mm -I relationships; and (c) reclassify the rain intensity of the study area. Figure 1 shows the sampling site in the southern part of Peninsular Malaysia, which includes coastal plains, an undulating landscape and hilly mountains (Kavvas et al. 2006 ). The climate is typically humid tropic, characterized by high annual rainfall, elevated temperatures, still air and high humidity, and influenced by the southwest monsoon from May until August and the northeast monsoon lasting from November until February. The study area has a bimodal rainfall distribution, with peaks in March-April and September-October (Varikoden et al. 2010 , Suhaila et al. 2011 . Generally, the northeast monsoon tends to be Figure 1 . Location of the study area.
Methods
wetter than the southwest monsoon season (Suhaila and Jemain 2012) .
To overcome the complexity of using automatic devices, Jayawardena and Rezaur (2000) and Hudson (1981) recommended the use of a simple and inexpensive method. Since this study aims to report the characteristics of raindrop sizes and their kinetics without the need for continuous recording, the flour pellet method was considered sufficient to achieve our study objectives.
A tipping-bucket raingauge (model RG3-M) was mounted in Universiti Teknologi Malaysia on coordinate 1°33′41.6″N, 103°38′39.5″E. The raingauge can record up to 3200 mm of rainfall data with ±1% accuracy. The sampling campaign lasted for 12 months between October 2012 and October 2013. Prior to use, the raingauge was calibrated to ensure it could record data accurately in accordance with the manufacturer's advice. The tipping bucket was programmed to log every minute, and subsequently the numbers of tips were converted into rain intensities. To avoid splash of rain water, the instrument was installed to stand 1.8 m above the ground and 5 m away from any lateral obstructions, and it was checked every fortnight to ensure proper and continuous recording.
Seventeen different rainfall intensities were sampled from 10 storms. Table 1 To measure the raindrop size diameter and its distribution, an un-compacted 40-mm thick layer of flour was sprayed onto a 0.5 m × 0.3 m rectangular tray and exposed to different rainfall intensities for 3-5 s to allow enough raindrops to fall into the flour. The collected samples were labelled and immediately taken to the laboratory and oven dried for 12 h at 105.5°C. Sieve sizes of 6.30, 5.00, 4.47, 2.36, 2.00, 1.18 and 0. 60 mm were used to classify the dried flour pellets so formed into different classes according to BS 812-103.1:1985 Methods for Determination of Particle-Size Distribution. The Hudson (1963) calibration curve, which is a plot relationship between the water mass to flour mass ratio and pellet mass, was then used to convert the flour pellet sizes into equivalent raindrop diameters. However, before its use, the curve was revalidated. This was done as shown in Fig. 4 . The average water drop size of each needle was calculated by allowing drops to fall into a lined container to avoid splash; 
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Needle Gauge:27, 26, 25, 24, 23, 21, 18 Water Drop Beaker Cotton lining then the interlined container was replaced with a tray of flour. The pellets made were oven dried for 12 h at 105.5°C and their mean weights calculated. Although, we could not make smaller pellets due to non-availability of a lower range of needle sizes, the values obtained were in agreement with the Hudson (1963) calibration curve (Fig. 5) . Therefore, the Hudson (1963) calibration curve was used to convert pellet mass to raindrop diameter. The D was calculated by:
where V d is the equivalent volume of raindrop estimated from:
where ρ is the density of water at the storm temperature and m w is the mass of the water drop. The kinetic energy, KE (J) was calculated from:
Equation (7) can be rewritten in terms of the volumetric diameter of the equivalent spherical drop:
Rainfall KE content per unit area per unit rain depth was obtained by dividing equation (8) by the corresponding rain intensity, I (in mm h -1 ), time exposed to rain, t (in s), and sample surface area, S (in m 2 ). Thus, from (Kinnell 1987) :
where v is the terminal velocity of the raindrop calculated from the Uplinger (1981) exponential formula:
Results and discussion
The raindrop diameter distribution based on percent volume is presented in Fig. 6 . This was obtained by binning the D values from 17 different rain intensities into seven classes, according to the sieve sizes used. The raindrop diameters ranged from 1.2 mm to a maximum of 7.0 mm. The storms were mostly composed of drops of diameter between 2.0 and 3.7 mm, with few drops larger than 3.7 mm. Based on the rainfall classification of Varikoden et al. (2010) for Peninsular Malaysia, our data represent highintensity rainfalls that could generate large volumes of rain within a short period of time. This type of rainfall is important for flood risk appraisal, pollutant wash-off and urban hydraulics and hydrology.
The variation of D 50 with intensity is presented in Fig. 7 , suggesting that D 50 increases with increasing rainfall intensity. Regression analysis on the D 50 -I relationship resulted in power (equation (11)) and exponential (equation (12) 
These relationships suggest that rain of intensity less than 8 mm h -1 is mainly composed of raindrop sizes smaller than 2 mm. As presented in Table 2 , this level of intensity has a frequency of about 25% in Peninsular Malaysia and contributes about 13% of total annual rainfall in the area (Varikoden et al. 2011) . Most of our rainfall data were taken during the northeast monsoon period. Based on the data, the large bulk of the storms were composed of intensities between 8 and 25 mm h -1 . This is represented by the cluster in Fig. 7 , within which the median raindrop diameter falls. This range of rain intensity contributes more than 28% of annual rainfall over the study area (Suhaila and Jemain 2012) with less than 5% frequency of occurrence (Varikoden et al. 2010 (Varikoden et al. , 2011 ). The intensity above 60 mm h -1 corresponds to the highest mean raindrop diameter of about 3 mm. In Peninsular Malaysia, rainfall intensity exceeding 60 mm h -1 contributes up to 50% of annual rainfall but occurs at a frequency less than 11% (Suhaila and Jemain 2012) . The minimum D 50 of 1.8 mm corresponds to rain intensity of less than 4 mm h -1
, and the maximum D 50 of 3.4 mm corresponds to 108 mm h -1 rain intensity. The median D 50 was found by plotting the cumulative volume diameters against the individual D 50 (Fig. 8) and was found to be 2.5 mm. Figure 9 compares the result from this study and other studies done in subtropical regions. Figure 9 indicates that rainfalls in the tropical region of Skudai are composed of bigger rainfall drop diameters than rainfalls of similar intensity in other subtropical regions; drops are about 20% larger. Although, Coutinho and Tomás (1995) show a deviation from this at intensities higher than 20 mm h -1 , it is, however, an exception within the bulk of their data. At an intensity of 5 mm h -1 , the D 50 for this study was found to be 2.0 mm, while Laws and Parsons (1943) , Coutinho and Tomás (1995) and Mccool et al. (2009) found 1.6 mm. Similarly, Lal (1998) reported D 50 of 2.0−3.0 mm in the subtropical region of Nigeria. Our result is also similar to the mean raindrop diameter (2.2 mm) in Singapore (Kumar et al. 2010) .
The KE (J) was obtained by estimating the terminal velocity of the raindrops using the Uplinger (1981) exponential formula, a close approximation of Gunn and Kinzer (1949) terminal velocities. The KE values per unit area per unit rain depth (J m -2 mm -1 ) were calculated from equation (9) and are presented in Fig. 10 . The KE mm ranges from as low as 5 J m -2 mm -1 to 55 J m -2 mm -1 , corresponding to rain intensities of 3 and 108 mm h -1 , respectively. The mean KE mm for the range of intensities considered in this study was found to be 30 J m -2 mm -1 ; this value is within the range of the average values reported by Van Dijk et al. (2002) . Figure 10 suggests that distribution of the raindrops affects the KE mm value of a storm. For instance, the low KE mm values of less than 10 J m -2 mm -1 were mainly composed of smaller raindrops (<2.6 mm), whereas the highest KE mm values of 20 J m -2 mm -1 or more were composed of raindrops of diameter >3 mm. This could be an explanation for the fluctuation and the weak KE mm -I relationships, with the strongest R 2 of 0.49 for the exponential relationship (equation (13)) and an R 2 of 0.34 for the linear equation (14):
The regression analysis for a logarithmic function shows a weak correlation between intensity and KE mm , with R 2 of 0.21. Sanchez-Moreno et al. (2012) studied the KE mm -I relationship of Cape Verde rainfall using data recorded by an automated device (disdrometer). They obtained R 2 values of no more than 0.36 when they fitted their result in the form of equations (1) ; however, this resulted in a weaker correlation. Thus, the KE mm -I relationship is inherently an intricate relationship. Salles et al. (2002) outlined reasons for this including the different methods used to measure DSD, geoclimatic conditions and type of rain, and the quantum of statistical error due to inclusion of I in the relationship. Catari et al. (2011) posit that instrument and measurement methods are responsible for up to 40% of the encountered error. The appearance of high KE mm at 7, 14, 17 and 20 mm h -1 intensities, and the three different KE mm (7, 14, and 19 J m -2 mm -1
) corresponding to the same rain intensity of 15 mm h -1 could be attributed to the travel of larger drops at a faster rate than smaller drops, a phenomenon explained by Van Dijk et al. (2002) and Fornis et al. (2005) as "sorting of drops". An intensity of 7 mm h -1 was sampled from Storm A after 105 min; 14, 17 and 20 mm h -1 intensities were sampled during intermittent rain bursts in Storm B at 14, 3 and 29 min, respectively.
Rainfall reclassification
Figures 2 and 3 show the variation of intensity with time of sampled storms A and B, respectively. Typically, the intensity increases sporadically within the storm and surges in a stochastic manner from the beginning of the rain to near its end.
In an attempt to study the seasonal variation of rainfall in different classes over Peninsular Malaysia, Varikoden et al. (2011) arbitrarily classified rain intensity within the region into four classes: low (I < 4), moderate (4 < I < 8), high (8 < I < 12) and very high (I > 12), using 10 years of recorded data of 3-h rain rate. The intensities considered for classification by Varikoden et al. (2011) were averaged over extended durations rather than instantaneous rates, so could not be used to characterize comprehensively rainfall governing parameters such as DSD, D and KE, and do not justify classification according to any available data from other regions around the world. Understandably, it is difficult to generalize rain intensity classification as the rain intensity threshold values vary greatly from one region to another (Llasat 2001) . However, considering the high intensity of rainfall in Malaysia and in line with reported classification of rainfall intensity in the literature (Llasat 2001 , Jebson 2007 , Yang et al. 2011 , we consider the rain intensity classification of the region by Varikoden et al. (2011) too narrow for the purpose of characterizing rainfall governing parameters, since it is possible to find a rain intensity of more than 130 mm h -1 in the region. Hence, we recommend reclassification as shown in Table 3 . Llasat (2001) classified rainfall events in Barcelona, Spain, based on 54 years of rain events, into low (<2 mm h (2007) and Yang et al. (2011) were similar to the Llasat (2001) classification, except that they classified >50 mm h -1 and >60 mm h -1 intensities as "very high" respectively.
Conclusion
The influence of intensity on raindrop diameter and kinetics during tropical storms was investigated. The relationship of intensity with raindrop diameter was strong using both power and exponential equations, while the relationship between kinetic energy and intensity appeared weak. The kinetic energy upper and lower values are consistent with reported values worldwide, but the average value leans towards the higher world average. The results from this study suggested that KE mm was dependent on DSD. This needs to be investigated further. To allow further characterization of rainfall parameters in the study area, the rainfall intensities were reclassified based on instantaneous measurements. Thus, the results from our study suggest the need for additional studies using long-term continuous recording to characterize the rainfall parameters in the region, especially at higher rain intensities. The basis for these further studies has been set in this research.
